ABSTRACT: ToF-SIMS imaging with argon cluster sputter depth profiling has provided detailed insight into the three-dimensional (3D) chemical composition of a series of polymer multilayer structures. Depths of more than 15 μm were profiled in these samples while maintaining uniform sputter rates. The 3D chemical images provide information regarding the structure of the multilayer systems that could be used to inform future systems manufacturing and development. This also includes measuring the layer homogeneity, thickness, and interface widths. The systems analyzed were spin-cast multilayers comprising alternating polystyrene (PS) and polyvinylpyrrolidone (PVP) layers. These included samples where the PVP and PS layer thickness values were kept constant throughout and samples where the layer thickness was varied as a function of depth in the multilayer. The depth profile data obtained was observed to be superior to that obtained for the same materials using alternative ion sources such as C 60 n+ . The data closely reflected the "as manufactured" sample specification, exhibiting good agreement with ellipsometry measurements of layer thickness, while also maintaining secondary ion intensities throughout the profiling regime. The unprecedented quality of the data allowed a detailed analysis of the chemical structure of these systems, revealing some minor imperfections within the polymer layers and demonstrating the enhanced capabilities of the argon cluster depth profiling technique.
■ INTRODUCTION
Thin film polymer structures play a key role in a variety of areas including optical filters and reflectors, 1,2 polymer electronics, 3, 4 optoelectrical devices 5, 6 and drug delivery. 7, 8 There has been growing interest in preparing these types of devices using polymer nanostructures. This is due to their ease of manufacture and reduction in cost when compared to inorganic alternatives. 3, 9, 10 However, these types of devices will not be commercially viable until their performance characteristics become comparable to those made from inorganic materials. This has led to various investigations into how the efficiency of these devices depends upon the design, structure, chemical composition and/or preparation technique. The structure of these polymer devices is frequently investigated using techniques such as scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray scattering and neutron reflectivity. 11, 12 There is only a small measurable contrast between different polymers when using SEM and TEM. This can be increased by preferentially staining one or more polymers in the sample. 2 However, using a chemical stain can damage the sample and its structure. Similarly, it is also difficult to measure the contrast between different polymers when using X-rays. High intensity X-ray beams must be used when measuring polymer structures which can damage the samples during measurements, making it difficult to obtain reproducible and reliable results. 11, 12 Neutron reflectivity methods are capable of accurately measuring the structure of polymer samples. However, large and expensive facilities are required and the samples often need to be prepared using deuterated polymers in order to increase the scattering contrast. 11, 12 Time-of-flight secondary ion mass spectrometry (ToF-SIMS) has also been previously used to measure the properties of polymer nanostructures. However, there are some polymer materials that are more "challenging" to sputter through than others. 13−15 These challenging polymers include polyethylene, polystyrene (studied in this paper) and conjugated polymers. They are currently being investigated for use in applications such as optical mirrors, 1,2 polymer electronics and optoelectronics. 16 The use of commonly available sputtering sources such as C 60 n+ often results in the cross-linking of these challenging polymers during the sputtering process. 13−15 This impedes the ability of the ion beam to sputter through the polymer, which often results in samples becoming unmeasu-rable. 13 Various modifications to the experimental setup have been developed in an attempt to overcome this problem. This includes sample cooling, 14, 17, 18 sample rotation, 18 the use of grazing angles of incidence 19, 20 and nitric oxide gas dosing, 13 which have all exhibited varying degrees of success. In contrast, large cluster Argon sources (Ar 2000 n+ ) have demonstrated their ability to sputter through these challenging polymer materials and result in a significant reduction in the degree of polymer cross-linking. 21 This enables detailed investigations of the three-dimensional chemical composition of polymer nanostructures to be performed.
Previous ToF-SIMS experiments on organic multilayer samples have been performed by Shard et al. 22 using Irganox (an antioxidant produced by BASF) reference δ-layer samples (up to 400 nm in total thickness). Similarly, Wagner had used spin-cast polymer multilayers of poly(methyl methacrylate) (PMMA), poly(2-hydroxyethyl methacrylate) (pHEMA), and trifluoroacetic anhydride-derivatized poly(2-hydroxyethyl methacrylate) (TFAA−PHEMA) in ToF-SIMS experiments. 23 In the present study, polymer multilayers were prepared by spincasting thin films of polystyrene (PS) and polyvinylpyrrolidone (PVP) from orthogonal solvents. This is advantageous when compared to other polymer processing techniques because it is relatively cheap, quick and produces films with reproducible and controllable film thickness values (within ±1 nm). A large number of layers can also be deposited onto a single substrate to make multilayer samples.
The largest sample tested during this investigation contained 50 layers and had a total thickness of 15.40 ± 0.04 μm. Samples similar to this one were recently used to manufacture all polymer distributed Bragg reflectors with tunable photonic stop bands in the UV/visible and infrared regions.
1,2 These calibration samples are therefore comparable to real polymer devices which might be investigated using ToF-SIMS in the future. In this study, they were used to test the spatial resolution and reproducibility of measurements using the Argon cluster depth profiling beam. In addition, ToF-SIMS was used to measure the samples chemical composition, structure and layer heterogeneity.
The inherent complexity and volume of ToF-SIMS data produced can often make analysis difficult. In order to overcome these difficulties, a multivariate approach (MVA) to ToF-SIMS data analysis has become more commonplace and is now an essential methodology 24 for analyzing a range of ToF-SIMS spectral and image data. 25 MVA was used to analyze the chemical composition, variation and possible contamination of the multilayers studied in this work.
■ EXPERIMENTAL SECTION
Polymer Multilayers. Thin film polymer multilayers were prepared by spin-casting alternating layers of two different polymers from orthogonal (mutually exclusive) solvents. Polyvinylpyrrolidone (PVP) (MW av = 130 000, BASF, Germany) was dissolved in a 50:50 w/w mixture of ethanol:acetonitrile (≥99.8% HPLC grade, Fisher Scientific and ≥99.9% HPLC grade, Sigma-Aldrich, respectively) and polystyrene (PS) (MW av = 192 000, Sigma-Aldrich, UK) was dissolved in toluene (≥99.9% HPLC grade, Sigma-Aldrich). It was found that the PVP layers had to be swelled with HCl vapor to produce high quality multilayers. 1, 2 This step prevented the diffusion of toluene through the PVP layer during the deposition of new PS layers. In the absence of such a step, the toluene solvent used to deposit PS layers was found to swell previously deposited PS layers in the sample and disrupt the multilayer structure.
1,2 Experiments using Fourier transform infrared (FTIR) analysis showed that no permanent chemical changes occurred in the PVP or PS films when exposed to HCl vapor. 2 Furthermore, FTIR showed that HCl was removed from the multilayers after annealing. In all cases, the samples were annealed for 5 h at 110°C under vacuum (∼10 −3 mbar) to remove solvent. Four different samples were prepared using spin-coating and depth profiled using ToF-SIMS (summarized in Table SI.1, Supporting Information). The variable thickness sample was prepared as a comparison to the δ-layer samples previously prepared by Shard et al. 21 Thin PS layers (between 40 and 60 nm) were deposited between thick PVP layers (between 180 and 220 nm). The thickness of the PVP and PS layers was varied as a function of layer deposition number. This was controlled by using a faster/slower deposition spin-speed, which results in thinner/thicker layers, respectively. The sample contained 10 layers and was used to determine the ToF-SIMS capability to measure layer thickness. A similar 10 layer sample was also prepared without variation in the layer thickness. This "δ-layer constant thickness sample" had PVP and PS layers that were d PVP = 200 ± 1 nm and d PS = 50 ± 1 nm thick, respectively. The "6 layer sample" had thicker PS layers (PVP and PS layer thickness were d PVP = 379 ± 5 nm and d PS = 286 ± 1 nm, respectively) and was used to test the ability of the sputtering source to sputter through thick layers of PS. Finally, a "50 layer sample" (PVP and PS layer thickness were d PVP = 328 ± 7 nm and d PS = 288 ± 1 nm, respectively) was prepared to test the ion beam's ability to sputter through a sample with a total thickness of 15.40 ± 0.04 μm. All of the samples were prepared on silicon wafers except the 50 layer sample, which was prepared on a glass slide. The 50 layer sample was prepared differently because it was used in a previous study of the optical properties of polymer multilayers. 1 A "home-built" self-nulling ellipsometer was used to determine the thickness of layers within the samples. The refractive index of the PVP and PS films were measured as n PVP = 1.516 ± 0.001 and n PS = 1.586 ± 0.001, respectively, using the ellipsometer. A fitting program was written to calculate the thickness of the polymer films using a modified optical transfer matrix method. Single layer samples were prepared using the same spin-speed and concentration as the spun-cast layers in the multilayer experiments and their film thickness values measured using ellipsometry. Measurements of bilayer samples of PVP and PS revealed that differences in the film thickness were negligible whether spun-cast on top of silicon or the alternate polymer layer. It was concluded that the thickness of single layer films is indistinguishable from the thickness of a film/layer in a multilayer sample that was deposited using similar conditions. ToF-SIMS Depth Profiling. A ToF-SIMS IV (ION−TOF GmbH, Munster, Germany) instrument was used to acquire depth profiles from the multilayer films. The instrument was equipped with a Bi/Mn liquid metal ion gun (LMIG) and an argon gas cluster ion gun, which were operated in the dual beam mode. Details of the ion gun design are given by Kayser et al. 26 A 5 keV Ar 2000 + cluster ion beam was used for sputtering. This source produces a distribution of cluster sizes that is characterized by the resolution parameter Δn/n ≈ 30% (where n is the number of argon atoms in a cluster). The Ar 2000 + sputtering beam (target current of 1.1 nA) was rastered over the sample with a spot size of ∼25 μm. Multivariate Data Analysis. MVA was used on the depth profile data obtained from the polymer multilayer films. This took the form of principal component analysis (PCA). This technique was used to analyze the chemical composition of the samples. The data sets were analyzed by considering each ToF-SIMS depth profile scan as a separate data set with data processing using PLS_Toolbox (version 5.2, eigenvector Research, Manson, WA) for Matlab (Mathsworks, Inc., Natick, MA). Ion spectra peaks were automatically selected using SurfaceLab 6. The ion intensity data was exported, normalized to the total counts and mean centered. An initial estimate of the number of significant principal components was obtained from the eigenvalue data.
Layer Thickness Calculation. Single layer PVP and PS calibration samples were spun-cast onto silicon wafers with thickness values d PVP = 206 ± 1 nm and d PS = 219 ± 1 nm, respectively (measured using ellipsometry). These samples were depth profiled and the position of the polymer−silicon interface was determined. Different regions were studied in order to minimize any observable differences in measured sample topography. This can be caused by sample alignment, layer topography/roughening, changes in sample density and/or impurities which change the sputter rate. This was compensated for by dividing the surface of the sample into 5 regions of interest (ROI), which each contained between 10% and 20% of the total surface area. Ion signals were preferentially selected to identify PVP, PS and silicon layers. The C 7 H 7 + (m/z = 91) and Si + (m/z = 28) ions were attributed to the PS and silicon layers, respectively. The presence/absence of PVP was determined from the measured intensity of the C 6 H 10 NO + (m/z = 112) ion. Each interface in the depth profile data was fitted to the following error function 27 using software written in Matlab (Mathworks)
where A is the maximum amplitude of the depth profile band, d is the dose of the ion cluster, μ is the interface that is the transition point between two layers, 2 σ gives the width of the interface and C corrects for any background ions which may have been detected. The thickness (d) and interface widths were calculated using an average of measurements from the 5 ROIs. Standard error of the measurements from the 5 ROIs was used to calculate the associated error of the layer thickness and interface width. Each layer thickness was calculated by measuring the dose needed to sputter from one interface (μ 1 ) to the next (μ 2 ) using the fitting program twice for each interface. The ion cluster dose used to sputter through each calibration sample was compared with the ellipsometry film thickness measurement. Hence, the sputtering yield volumes PVP and PS layers were (11.66 ± 0.10) and (14.77 ± 0.18) nm 3 /ion, respectively. The interface width was calculated by multiplying 2σ by the sputtering rate of the preceding layer. Two bilayer samples of PVP and PS (where the order of the top and bottom layers are different for each sample) were prepared and measured using both ellipsometry and ToF-SIMS depth profiling to determine whether the sputter rate varies. The thickness of the PVP and PS layers in the bilayer samples were d PVP = 206 ± 1 nm and d PS = 219 ± 1 nm, respectively (which is the same thickness as the single layer samples) when measured using ellipsometry. ToF-SIMS measurements of the PVP layer thickness as the lower or upper layer were 205 ± 1 and 208 ± 2 nm, respectively. Similarly, the ToF-SIMS measurements of the PS layer thickness as the lower or upper layer were 227 ± 3 and 221 ± 1 nm, respectively. These minor differences could be due to nonuniform sample topography that cannot be accounted for at present.
■ RESULTS AND DISCUSSION
Chemical Composition. The depth profiling capabilities of the argon cluster source provide detailed information about the chemical composition of the polymer multilayer systems studied here. This was confirmed by using principal component analysis (PCA) on a 6 layer sample. PCA is a statistical procedure that transforms a selection of possibly correlated variables (in this case ion intensity values) into linearly uncorrelated variables called principal components. The scores plot for principal components 1 and 2 is shown in Figure SI .2 (Supporting Information). The PVP and PS layers are clearly differentiated by their distribution with respect to "principal component 1" (PC1, which captured 99.90% of the variance), as expected for a two component system. Most of the significant ions that were identified are observed to differentiate the PVP and PS layers as being of high or low significant variance respectively on PC1, as illustrated in the loadings data shown in the Supporting Information (Figure SI.3) . In addition to PCA of these polymer multilayer systems, further investigation was conducted in the form of a search for common contaminants observed in the ToF-SIMS data, such as sodium and potassium. However, these contaminants were not observed in significant quantities. Furthermore, the depth profile data was also used to look for secondary ions which do not correspond to the PS, PVP or Si profiles or which express heterogeneous lateral distributions. However, no such secondary ions were found, indicating that the spatial distribution of chemical species is homogeneous within each layer.
Depth Profiling. Samples of alternating PVP and PS layers were depth profiled using the argon sputtering beam. A comparison of positive and negative polarity data showed similar results for the systems studied here. Both polarities could have been used for sample analysis, as a broad range of ions which are unique to each layer were detected. For the sake of brevity, only the positive data will be presented in the depth profile and reconstructed three-dimensional (3D) model data (see the 3D Reconstruction section). The specific layers of PS, PVP and the silicon wafer were identified using the C 7 H 7 + (m/z = 91), C 6 H 10 NO + (m/z = 112) and Si + (m/z = 28) ions, respectively. 28 Plots of the measured secondary ion intensity for PVP, PS and Si, as a function of the incident sputtering ion dose, are shown in Figure 1 . Panel a shows the depth profile curves for the "δ-layer variable thickness" sample. The first layer at the top of the sample was PS, which had a film thickness of 60 ± 1 nm. Each underlying PS layer had a 5 ± 1 nm reduction in film thickness. Hence, the PS layers had thickness values of 60 ± 1, 55 ± 1, 50 ± 1, 45 ± 1 and 40 ± 1 nm from top to bottom of the sample, which were determined by measuring comparable single layer films with ellipsometry. Likewise, the first PVP layer (2nd layer from the top) had an initial thickness of 180 ± 1 nm. Each underlying PVP layer had a 10 ± 1 nm increase in film thickness. The thickness of the PVP layers from top to bottom were 180 ± 1, 190 ± 1, 200 ± 1, 210 ± 1 to 220 ± 1 nm. In each case, the layer thickness of a given polymer was controlled by varying the angular speed of the spin coater during deposition of the layers. Panel b in Figure 1 shows the depth profile of the "6 layer" sample. All of the PVP layers had a thickness of d PVP = 379 ± 5 nm and the PS layers had a thickness of d PS = 287 ± 1 nm, as measured by ellipsometry.
Both depth profiles in Figure 1 show that the ion intensities were maintained at constant levels throughout profiling. The total thickness of the δ-layer variable thickness and 6 layer samples were approximately 1.3 and 2.0 μm, respectively. These samples were much thicker than those analyzed in previous systems such as the δ-layers reported by Shard et al., which had an approximate total thickness of 0.4 μm. 22 This demonstrates the ability of the argon cluster ions to sputter through thicker samples and also demonstrates that these multilayers have potential applications as ToF-SIMS calibration samples.
A 50 layer sample was depth profiled in order to investigate the argon cluster source's capability to successfully sputter through a very thick sample. Figure 2 shows the depth profile of a small region of interest over a 35 × 35 μm surface area. Measuring a smaller surface area reduces the magnitude and increases the "noise" of the secondary ion intensity. The ion intensity of the peaks attributed to both of the polymers decreases as the sample is being sputtered. However, it is still possible to clearly distinguish between separate PVP and PS layers throughout the sample.
Layer Thickness. The thickness of the polymer layers (previously shown in Figure 1a) were compared with the appropriate sputter rate for each layer. Each layer thickness was calculated using eq 1. Figure 3 shows a comparison of the ToF-SIMS (using the δ-layer sample) and ellipsometry (using comparable single layer samples) layer thickness measurements. The ellipsometry and ToF-SIMS thickness values are within 11% of one another, with differences ranging between 2.3 and 31.2 nm.
ToF-SIMS measurements showed a decrease in the PS layer with respect to increasing layer number in the variable layer thickness sample (Figure 3) . The thickness of the PVP layers in this sample did increase, but the ToF-SIMS values differed from the values obtained from ellipsometry measurements. The largest difference between the ToF-SIMS and ellipsometry measurements was observed in the third PVP layer (6th layer of the sample), which was 19 ± 2 nm. These discrepancies are thought to originate from sample topography, which cannot be easily accounted for within the sample regions analyzed by ToF-SIMS depth profiling.
3D Reconstruction. Three-dimensional (3D) secondary ion images were reconstructed from the depth profile data. These images chemically map the spatial variations in the distribution of the polymers throughout the multilayer systems. The 3D reconstruction images of the δ-layer and 6 layer samples are shown in Figure 4 . This chemical imaging showed the homogeneous PVP and PS distribution within the respective PVP/PS alternating layers. These images are thought to be an accurate visualization of the spatial distribution of polymers in these multilayer samples. This would have been previously unobtainable using alternative sputter sources due to the problematic PS layers. The PVP/PS multilayers were ideal for this type of study due to the inclusion of the challenging PS layers and controllable layer thickness throughout. Although the x-and y-direction are shown to scale, the z-direction is presented according to ion dose and as such does not reflect the discrepancy between the sputter rates of PS and PVP. μm wide. Film thickness and interface measurements are less accurate after sputtering beyond the occurrence of the defect due to it offsetting all of the subsequent depth profile bands. The measured thickness of the third PVP layer (from top to bottom) is thicker, which displaces the positions of the interface for the underlying layers. This also broadens the interface widths as the polymer layers blend into one other. The defect is also present when using other secondary ions which represent the PVP and PS layers. No contaminants were detected in the defect regions of the ToF-SIMS data or elsewhere for the PVP/PS samples. This demonstrated the Ar cluster ion source's ability to isolate defects in these PVP/PS calibration samples which would be difficult to observe using other techniques. Figure 6a shows the 3D chemical image of the 50 layer sample over a 200 × 200 μm area (images have not been corrected for lateral shift owing to the fixed 45°geometry of the analysis ion beam). Some of the 3D chemical image is distorted by defects that are thought to originate from the substrate of the sample. Defects at the substrate will offset the position of subsequent layers analyzed creating the effect observable in Figure 6a .
Specific areas of the 3D image showed well-defined layers of PVP and PS, such as the 35 × 35 μm ROI shown in Figure 6b . The depth profile of the ROI (shown in Figure 6c ) revealed a clear separation between the PVP and PS layers. This data demonstrates that the ToF-SIMS argon cluster ion beam setup was capable of sputtering through and analyzing large polymer structures (several μm in thickness) as well as detecting defects. It is worth noting that the thickness and complexity of this sample was significantly larger than those measured in similar studies. To our knowledge, there have been no other studies of a multilayer system of a comparable thickness that have been measured using ToF-SIMS.
■ CONCLUSIONS
Previously unavailable insights into PVP/PS multilayers have been obtained using ToF-SIMS with argon cluster depth profiling. The depth profile data illustrate proportionate sample compositions up to relatively high depths of ≤15 μm while retaining useful ion intensities, thereby enabling detailed sample chemical analysis. Information regarding the 3D chemical homogeneity of the samples has also been successfully extracted. Important details regarding variations in the structure of these systems and potential defects have been observed that could lead to improvements in sample manufacture and development. The potential for the use of PVP/PS multilayers as calibration samples for ToF-SIMS has also been demonstrated.
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